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ABSTRACT 


In  response  to  a.  continued  military  demand  for  controlled  explosive 
wave  shaping,  thie  study  was  undertaken  to  establish  basic  conditions  and 
to  demonstrate  the  feasibility  of  an  explosive  systsm  capable  of  being 
initiated  uniformly  along  its  entire  surface.  This  investigation  is  a  con¬ 
tinuation  of  those  started  under  AFSWC  Contracts  AF  29(601)-2844  and 
•51)4.  It  has  demonstrated  that  under  favorable  conditions  the  simulta- 

i 

neity  of  detonation  of  a  system  consisting  of  surface -confined  lead  azide 
sheet,  initiated  by  the  radiation  from  an  argon  flash-bomb,  approaches 
0.  2  pssc  for  plane  or  for  hemicylindrical  geometry.  It  is  believed  that 
this  simultaneity  can  be  improved  if  techniques  for  bonding  the  aside 
sheet  to  its  confinement  are  improved.  Even  without  further  Improve¬ 
ment,  the  proposed  system  of  surface  initiation  is  capable  of  providing 
valuable  information  in  the  heretofore  experimentally  inaccessible  region 
of  "simultaneous"  loading  of  curved  structures. 
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SECTION  I 
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INTRODUCTION 


1.  Objectives  and  Outline  of  Work 

The  objective  of  the  work  reported  here  has  been  to  develop  the  tech¬ 
nique  for  uniform  surface  initiation  of  high  explosives  with  pulsed  light 
sources  into  practical  systems  of  experimental  testing  value,  initially  the 
program  was  conceived  as  a  four-part  research  effort  to: 

1.  Determine  the  mechanism  by  which  surface  confinement  in¬ 
creases  the  reproducibility  of  initiation  delay  of  PVA  lead 
aside  energised  by  an  argon  flash-bomb.  This  included: 

a.  Theoretical  cons ide rations  of  motion  of  product  gases 
and  reacting  fragments  under  various  geometries. 

b.  Study  of  liquids  and  flexible  solids  as  confining  agents. 

c.  Experiments  in  which  confinement  was  to  be.  varied  in  a 
systematic  way. 

2.  Test  batches  of  sheet  lead  aside  under  optimum  confinement 
as  determined  under  Item  1. 

3.  Test  performance  of  the  whole  system  in  plane,  cylindrical, 
and  spherical  geometry.  This  would  cover: 

a.  Procedures  for  handling  sensitive  explosives  remotely. 

b.  Measurement  of  simultaneity  of  detonation  breakthrough 
on  terminal  surface  with  streak  camera  and  pin  techniques. 

c.  Applications  to  plate  projection  and  momentum  experi¬ 
ments  to  be  made  as  required  by  the  sponsor. 

4.  Examine  explosives  other  than  lead  aside  for  sensitivity  to 
initiation  by  light. 

2.  Degree  of  Completion 

Work  on  the  causes  for  the  surface  confinement  effect  (Item  1  above) 
is  virtually  complete.  The  mechanism  proposed  explains  many  heretofore 
unconnected  observations  and  suggests  several  methods  of  improving  the 
reproducibility  of  initiation  delay.  Study  of  Items  2  and  3  was  hampered 
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by  the  slow  <Uid  uncertain  delivery  of  sheet  lead  azide  by  the  sole  supplier. 
As  a  consequence,  no  trials  have  been  made  on  spherical  systems,  and 
further  experimentation,  primarily  on  improved  bonding  between  the  azide 
sheet  and  its  front-surface  confinement,  is  neceseary  for  cylindrical  sys¬ 
tems.  No  other  explosives  {Item  4)  suitable  for  surface  initiation  by  light 
have  been  fo:uid, 

3.  Previous  Work 

12 

The  primary  objective  of  the  previous  investigations  ’  was  to  deter¬ 
mine  which  factors  influence  the  variability, in  metal  azide  initiation  delay 
for  systems  energised  by  argon  flash  -bombs.  To  achieve  a  practical  aur- 
fac a  initiation  system,  this  variability  must  be  kept  small. 

The  main  findings  of  these  investigations  may  be  summarized  as 
follows: 

1.  Ball-milled  PVA  lead  azide  show*  leas  initiation  delay  variability 
(jitter)  than  silver  azide  which,  in  turn,  has  much  lees  jitter  than 
de^trinated  lead  azide. 

2.  Jitter  ia  reduced  by  placing  glaaa,  quartz,  or  plastic  "windows" 
in  close  contact  with  the  aside  surface  facing  the  flash-bomb. 

3.  Usually  Jitter  ie  a  fairly  constant  fraction  of  the  initiation  delay. 
To  reduce  absolute  jitter,  initiation  delays  should  be  kept  email. 

4.  The  argon  flash-bomb  is  a  blackbody  radiator  at  29,  000°  K. 

5.  Quantitative  methods  of  obtaining  the  radiation  divergence  loss 
for  flash-bombs  and  correcting  for  the  finite  riae  time  to  peak 
radiation  intensity  were  developed. 

6.  The  initiation  delay  is  inversely  proportional  to  the  rate  of  energy 
absorption  of  the  irradiated  surface. 

7.  The  lead  azide  initiation  process  is  thermal  rather  than  photo¬ 
chemical. 

8.  The  kinetic  parameters  obtainable  on  the  basis  of  the  above  agree 
well  with  those  obtained  by  others  for  lead  azide  decomposition 
without  explosion. 

9.  A  continuous  lead  azide  surface,  e.  g. ,  lead  azide  sheet,  is 
easier  to  use  and  is  capable  of  providing  less  jitter  than  multi¬ 
point  initiation  by  many  closely  spaced  lead  azide  assemblies. 
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SECTION  II 


EXPERIMENTAL  WORK 


1.  General  Considerations 


The  mai-i  objective  of  this  study  was  the  development  of  a  practical 
system  of  surface  initiation.  The  system  under  investigation  consists  of 
lead  azide  as  the  initiating  explosive  and  the  radiation  from  an  argon  flash- 
bomb  as  the  energy  source.  To  achieve  the  objective,  the  jitter  in  the  lead 
azide  initiation  delay  must  be  small.  Many  factors  could  influence  the 
initiation  delay  and  delay  jitter.  The  most  obvious  are  the  amount  and 
spectral  region  of  the  absorbed  argon  radiation*  Other  factors  might  be 
particle  sine,  purity,  packing  density,  and  prior  conditioning  of  the  aside. 
Confinement  of  the  azide  layers  that  absorb  radiation  might  also  be  impor¬ 
tant.  Finally,  to  develop  a  practical  system,  an  explosive  train  having  no 
more  jitter  than  the  azide  initiation  must  be  designed  and  tested. 


For  a  better  understanding  of  the  experiments  to  be  described,  an 
idealised  schematic  presentation  of  the  system  investigated  is  shown  in 
figure  1.  To  study  the  effects  of  absorbed  energy  Ou  initiation  delay  and 
delay  jitter,  one  must  know  the  energy  incident  on  the  aside  and  determine 
what  fraction  of  this  energy  is  absorbed.  This  requires  a  knowledge  of  all 
the  parameters  listed  in  figure  1.  The  effects  of  confinement  may  be 
studied  by  changing  the  position  and  type  of  window.  Prior  conditioning  of 
the  azide  presumably  affects  and  R^. 


Initiation  delays  can  be  conveniently  determined  by  viewing  with  a 
streak  camera  the  azide  face  opposite  that  which  absorbs  the  radiation  and 
correcting  for  the  transit  time  of  an  established  detonation  through  the  aside 
assembly.  Thus  measurements  of  azide  transit  times  have  to  be  made  for 
various  loading  densities,  purity,  and  particle  sizes. 


2,  Procedures  and  Apparatus 

Procedures  for  loading,  positioning,  and  obtaining  streak  camera 
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scribed  in  detail  in  the  Experimental  Section  of  Ref.  2.  The  "standard" 
assembly  consists  of  a  nylon  sleeve  0.  500  inch  OD,  0. 188  inch  ID,  0. 100 
inch  high,  with  a  glass  window  attached  to  an  empty  sleeve  and  packed 
with  ball-milled  PVA  lead  azide  to  around  2.  3  to  2. 4  g/cc.  Also  described 
in  Ref.  2  are  the  filters  used  for  varying  the  energy  delivered  to  the  azide 
by  the  argor.  flash-bomb,  and  the  monitoring  of  this  energy  by  a  specially 
designed  photomultiplier  system.  All  this  remains  unchanged  in  the 
present  investigation.  New  techniques  for  handling  sheet  azide  are  given 
in  the  following  section. 


Transit  times  for  an  established  detonation  to  move  through  an  aside 
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assembly  were  previously  obtained  by  pin  techniques*  These  often  gave 

1.2 

erratic  results.  Since  it  has  been  established  that  initiation  occurs 
very  near  the  irradiated  surface,  and  under  controlled  conditions  delay 
jitter  is  very  small,  transit  times  are  now  obtained  by  measuring,  in  the 
same  shot,  the  total  delay  {initiation  delay  plus  transit  time)  of  several 
identical  assemblies  of  different  aside  thickness  and  obtaining  the  transit 
time  by  difference.  Transit  time  results,  in  the  form  of  a  detonation 
velocity  vs  packing  density  plot,  are  summarised  in  figure  2. 


In  studying  the  effect  of  confinement  some  new  "windows"  have  been 
used.  Their  transmissivity  is  shown  in  figures  3(a)  and  3(b). 

a.  Handling  of  sheet  azide 


This  material  is  received  kerosene-wet  in  roughly  3  x  3  a  0.  03 
inch  sheets.  The  physical  properties  of  sheet  azide  made  by  the  Dupont 
Company  are  given  in  Table  1.  While  still  wet,  it  ia  placed  on  lead  sheets 
(behind  an  armor  glass  shield)  and  cut  into  1.  5-inch  squares  and  short  thin 
strips  using  razor  blsdes  mounted  on  long  handles.  The  strips  are  then 
cut  into  approximately  1  /4-inch-diameter  disks  using  a  freshly  sharpened 
cork-borer  mounted  so  that  ths  cutting  can  be  done  remotely.  The  squares 
and  disks  are  then  flushed  with  petroleum  ether  and  air  dried.  To  prevent 
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Figure  3  DETONATION  VELOCITY  OF  LEAD  AZIDE 


Table  1 


PROPERTIES  OF  LEAD  AZIDE  AND  PETN SHEET 


Batch 

No. 

Composition 

Average 

Thickness 

(mils) 

Density 

as  Received 

(g/cc) 

1 

95/5  RD  1333  Aalde/Teflon 

30 

2.2 

2 

36 

7 

3 

37 

2.7 

4 

23 

? 

S 

33 

2.5 

6 

95/5  Colloid 

i  Aside/Teflon 

24 

2.5 

7 

, 

26 

2.6 

8 

95/5  RD  133; 

'  Aaids/Tsflon 

34 

2.  5-2. 6 

9 

31 

2.6 

10 

36 

2.5 

11 

27 

2.6 

12 

22 

2.8 

13 

28 

2.6 

let  shipment 

90/10  PETN 

'Teflon 

31 

1.3 

2nd  shipment 

' 

1 _ 

27 

1.3 

generation  of  dangerous  electrostatic  charges,  all  metal  objects  in  the 

ruom  where  Liieie  uperiiiuai  uc^ur  *.-e  gr uunueu*  The  room  hm  a  cun- 

ductive  floor  and  the  operator  wears  conductive  rubber  or  leather-soled 

shoes. 

b.  Shot  assembly 

Sheet  aside  was  used  as  disks  for  control  assemblies  and  as 
1. 5 -inch  squares  for  surface  initiation  experiments.  The  sheet  azide 
squares  were  almost  always  a  part  of  an  explosive  train  which  at  its  sim¬ 
plest  contained  sheet  aaido  and  90/10  PETN/Teflon  binder  sheet  (p~  1.3 
g/cc).  Some  trains  had  these  sheets  placed  over  EL-506D  or  EL-506D 
mounted  on  slabs  of  Cotup  B.  Good  photographic  records  were  obtained 
with  the  systems  containing  Comp  B  (always  0.500  inch  thick).  The  sheet 
aside  and  sheet  PETN,  however,  are  sufficiently  translucent  to  have  the 
tremendous  light  flux  of  the  argon  flash-bomb  fog  the  film  even  at  streak 
camera  mirror  speeds  of  2000  rps.  To  prevent  this,  two  or  three  coats 
of  glossy  black  lacquer  must  be  placed  on  the  PETN  sheet  surface  facing 
the  camera.  The  best  records  were  obtained  if,  in  sddition  to  the  lacquer¬ 
ing,  the  sheets  were  attached  to  lenticular  plastics  so  that  the  air  and/or 

i 

argon  trapped  between  the  explosive  and  the  plastic  became  highly  lumi¬ 
nous  when  hit  by  the  detonation  shpck  of  the  explosive  shaet.  Baglay  *  has 
shown  that  this  luminosity  is  achieved  in  a  few  nanoseconds.  A  shot  holder 

•  I  •  I 

for  flexible  explosives  is  shown  In  figure  4.  The  main  charge  in  this  shot 
was  a  section  of  a  cylinder.  For  plane  geometry  shots,  a  square  of  len¬ 
ticular  plastic  was  used  rather  than  the  curved  plastic  shown  in  figure  4. 
The  circular  holes  are  for  controls  which  enable'one  to  relate  any  given 
shot  to  previous  shots*  Of  the  six  controls  in  this  arrangement,  at  least 
two  are  "standard"  granular  lead  aside  assemblies.  These  are  mounted 
directly  into  the  circular  holes.  For  sheet  aside  controls,  optimum 
records  were  obtained  when  these  were  mounted  on  disks  of  lenticular 
plastic  (not  shown  in  figure  4).  Assembly  of  explosives  in  the  shot  holder 
to  the  argon  flash-bomb  was  the  same  as  that  given  in  Ref.  2. 
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Figur*  4  HOLDER  FOR 


.iNDRICAL  SHOTS 


TK»  shots  uaina  f.omp  R  slabs  warn  pr«nar«H  Hiffar-antly  from 

ones  above  because  they  contained  more  explosive  and  because  they  came 
at  a  time  when  we  had  relatively  little  experience  in  handling  sheet  azide. 

As  shown  in  figure  5  and  the  engineering  drawings  (figure  6),  the  shot 
holder  was  made  in  two  parts.  One  part  co trained  the  Comp  B  slab,  the 
EL-506D,  and  the  ?ETN  sheet.  The  other  part  contained  the  lead  azide 
sheet  with  its  surface  confinement.  These  parts  were  kept  separate  until 
the  shot  was  almost  ready  for  shooting.  Note  the  tapped  holes  in  the  plastic 
(figure  5)  which  were  used  for  bringing  the  test  explosive  to  the  argon  box 
by  means  of  a  long  rod  with  a  threaded  inner  rod.  As  shown,  the  lead  azide 
sheet  holder  was  held  to  the  argon  box  by  magnets  and  the  rest  of  the  explo¬ 
sive  was  positioned  against  the  lead  aside  sheet  by  another  magnet.  This 
arrangement  had  the  usual  provisions  for  mounting  control  assemblies. 

c.  Surface  confinement 

As  will  be  shown  later,  surface  confinement  has  a  profound  in¬ 
fluence  on  delay  jitter.  Providing  adequately  uniform  confinement  is  rather 

simple  for  standard  granular  aside  assemblies.  The  confinement  is  attached 

2 

to  an  empty  sleeve  which  is  then  prees-load'ed  with  lead  azide.  Because  of 
its  flexible  nature  and  because  its  bindur- -Teflon- -(which  congregates  on 
the  surface)  is  notoriously  hard  to  bond  to  anything,  the  above  scheme  does 
not  work  well  with  sheet  azide.  A  completely  foolproof  scheme  of  attach¬ 
ing  confinement  to  sheet  aside  remains  to  be  devised.  A  technique  which 
works  most  of  the  tieno  is  as  follows:  a  thin  layer  of  Dupont  6840  acrylic- 

base  glue  is  spread  as  uniformly  as  possible  over  the  azide  surface.  This 

o 

glue  is  very  transparent  all  the  way  down  to  2400  A.  Azide  disks  for  con¬ 
trols  are  placed  on  the  confining  medium  (glass  or  plastic  disks)  and 
pressed  in  a  cylindrical  die  to  around  2000-3000  pel.  In  testing  the  quality 
of  the  bond  between  the  confinement  and  sheet  azide  it  was  found  that  usually, 
but  not  always,  the  confinement  could  be  pulled  off  with  a  thin  layer  of  sheet 
aside  attached  to  it,  indicating  fairly  good  bonding.  For  plane  geometry,  as 
well  as  some  hemic ylindrical  assemblies,  glue-covered  confinement  was 


Figure  5  SHOT  ASSEMBLY  FOR  PLANE -WAVE  SHOTS 
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against  the  sheet  azide,  contained  in  a  die  having  the  sarric  cruaa 
section  and  height  as  the  azide  sheet,  at  around  3000-5000  psi.  In  malting 
these  flat  pressings  conform  to  a  curved  surface  (e.g.,  as  in  figure  4), 
some  separation  between  confinement  and  sheet  azide  often  occurred.  To 
circumvent  this,  some  pressings  were  made  against  curved  glass  confine¬ 
ment  supported  by  a  Cerrobend  (an  alloy  melting  in  boiling  water)  mold. 
Although  the  bond  between  sheet  and  confinement  appeared  to  be  good,  the 
glass  confinement  was  cracked  in  most  pressings.  This  increased  jitter, 
as  will  be  shown  latgr. 

d.  High-density  pressings 

In  determining  the  causes  responsible  for  the  surface  confine¬ 
ment  effect  it  became  important  to  measure  the  initiation  delay  for  highly 
compressed  lead  azide,  both  granular  and  sheet.  Cylindrical  hardened 
tool  steel  dies  were  used  in  the  range  of  1  x  10^  to  2  x  105  psi.  The  highest 
densities  achieved  were  about  4.4  g/cc  for  granular  lead  azide  and  4, 1  g/cc 
for  sheet  lead  azide.  These  are,  respectively,  about  92  and  90%  of  void¬ 
less  density.  The  granular  azide  was  pressed  into  mild  steel  sleeves  which 
were  allowed  to  expand  laterally  in  order  to  prevent  aaide  "spring-back. " 
Successive  pressings  at  progressively  lower  pressures  were  found  to  b«  very 
helpful. 

e.  Raised  window  effect 

2 

It  has  been  shown  that  moving  the  front-surface  confinement 
"windows"  by  as  little  as  1  mil  away  from  the  irradiated  azide  face  causes 
an  appreciable  increase  in  the  initiation  delay.  These  phenomena  have  been 
examined  further,  particularly  in  having  the  space  between  azide  and  window 
evacuated  or  filled  by  compressed  nitrogen.  Some  trials  were  also  made 
with  windows  raised  above  high-density  azide  pressings.  The  vacuum 
trials  were  made  as  follows:  A  hypodermic  needle  was  cemented  in  a  groove 
starting  at  the  shot-holder  positioning  hole  and  running  along  the  shot-holder 
surface  (similar  to  the  one  shown  in  figure  4).  A  standard  azide  assembly 
without  a  window  was  placed  in  the  positioning  hole,  and  a  window  was 
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cerr .sr.tcd  to  the  shot  holier  over  th«  positioning  hole  and  over  moat  of  the 
groove  for  the  hypodermic  needle.  Using  a  diffusion  pump,  the  approxi¬ 
mately  20-  to  25-mil-thick  air  apace  above  the  azide  could  be  evacuated  to 
below  10  p  Hg.  An  entirely  analogous  arrangement  which  was  not  evacu¬ 
ated  served  as  control.  The  pressurized  systems  consisted  of  a  standard, 
windowless,  aside  assembly  contained  between  two  pieces  of  thick  glass 
held  together  by  a  metal  frame -gasket- and-bolt  arrangement,  and  provided 
with  a  high-pressure  tubing  inlet.  Using  a  high-pressure  nitrogen  cylinder, 
the  approximately  1 00- mil  space  above  the  aside  was  pressurized  to  21 
atmospheres.  Controls  were  exactly  as  described  above  but  at  ambient  air 
pressure. 

f.  Light  intensity 

2 

As  has  been  shown,  photomultiplier  records  of  peak  relative 
intensity  of  the  argon  flash  and  of  the  time  to  reach  this  peak  are  impor¬ 
tant  in  understanding  the  ehot-to-ehot  variation  of  initiation  delay.  Meas¬ 
urement  of  absolute  intensity  leads  to  a  fundamental  understanding  of  the 
initiation  mechanism,  because  it  permits  the  establishment  of  a  relation 

2 

between  the  observed  initiation  delay  and  the  energy  absorbed  by  the  azide. 

Two  new  schemes  were  tried  to  improve  the  reliability  of  the  measurement 

of  absolute  intensity- -more  properly  speaking,  the  temperature  of  the 

argon  flash.  A  photo-tube  of  the  same  spectral  response  as  before  but  of 

higher  output  enabled  ue  to  uee  a  rotating  sector  in  front  of  the  standard 

2 

tungsten  ribbon  source.  Thus  an  eaeier-to-read  square-wave  signal  was 

obtained  rather  than  the  dc  shift  previously  recorded.  ^  Several  seemingly 

straightforward  theoretical  calculations  of  the  temperature  of  shocked 
.  ,  4,  5 

nitrogen  are  available.  Since  these  are  much  closer  to  the  argon  tem¬ 
perature  than  the  tungsten  ribbon  temperature,  their  use  as  "standards" 
should  greatly  reduce  calibration  uncertainty.  Compaxiscns  between  argon 

O 

and  nitrogen,  in  the  usual  flash-bomb  system,  were  made  at  5000  A,  4500 
o 

and  4000  A.  The  results  of  these  new  calibrations  will  be  presented  in 
Section  II -3b. 


>o 


nticutpLB  ty  initiate  (uuu^iyccuu  niiu  rLlil 


In  the  present  system  of  surface  initiation  it  would  be  desirable 
to  use  initiating  explosives  less  sensitive  than  lead  azide.  Particularly 
attractive  would  be  a  liquid  explosive  because  it  would  conform  to  any  de¬ 
sired  surface.  With  this  in  mind,  attempts  (which  were  unsuccessful) 
were  made  to  initiate  nitroglycerin  or  PETN  using  the  usual  argon  flash- 
bomb  system.  About  0. 1%  of  Nigrosine  (a  black  organic  dye)  was  dis¬ 
solved  in  the  nitroglycerin  to  make  it  more  radiation-absorbent.  It  was 
determined  subsequently  that  more  Migrosine  should  have  been  used,  but 
the  initial  experiments  were  sufficiently  discouraging  that  no  further  trials 
were  made.  Blackened  nitroglycerin  was  introduced  with  a  hypodermic 
needle  through  a  small  hole  in  the  sidewall  into  a  cylindrical  container 
with  flat  quarts  windows.  This  assembly  Was  positioned  and  attached  to 
the  flash-bomb  in  the  usual  manner.  Subsieve  per  tide  sise  PETN,  pure, 
or  dry-mixed  with  very  fine  graphite,  was  press-loaded  into  "standard" 
sleeves  with  windows  attached  to  the  empty  sleeves.  In  a  few  Instances 
these  pressings  were  done  in  two  increments  to  obtain  regions  of  different 
packing  density.  Results  are  given  in  Section  II- 3h. 

3.  Results 


a.  Effective  light  intensity 

2 


As  defined  previously,  the  effective  light  intensity  I  is  given  by 


i  = 


rel 


(t)dt 


(1) 


where  I  ^  is  obtained  directly  from  a  photomultiplier  record. 

I  is  also  a  function  of  the  wavelength  of  light  at  which  I  ^  is  obtained. 
Figure  7  gives  the  latest  I  vs  t  curves.  These  results  are  replotted  in 
figure  8  as  I  vs  wavelength  viewed  by  the  photomultiplier.  It  is  obvious 

_  o 

from  figure  8  that  the  variation  of  I  with  A  for  A  <3000  A  is  highly  spec¬ 
ulative  since  there  are  no  experimental  determinations  in  this  region. 
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Figure  7  EFFECTIVE  LIGHT  INTENSITY  vt.  TIME  FOR  ARGON  (S**  Eq.  1) 
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Figurt  8  EFFECTIVE  LIGHT  INTENSITY  v*.  WAVELENGTH  FOR  ARGON 


Figure  9  shows  I  vs  t  curves  for  nitrogen  flash-bomba.  Note  the  much 
longer  time  required  to  reach  the  "flat"  portions  of  theae  curvea. 

b.  Temperature  measurements  of  shocked  argon 


Using  the  photomultiplier-interference  filter  system  and  the  elec¬ 
tronic  xenon  flash  as  internal  calibration  (described  previously^),  compari¬ 
sons  were  obtained  between  argon  flashes  and  a  standard  tungsten  ribbon 
source  or  nitrogen  flash-bombs.  In  the  tungsten  source  comparisons  (see 
Sec.  Il-2f)  "small-scale  shots"  described  in  Refs.  2  and  6  were  used.  The 
comparison  between  argon  and  nitrogen  flashes  was  made  in  the  usual 

mirror-box  systems.  In  both  cases  the  argon  temperature  is  obtained  from 
2  6 

a  solution  *  of  the  following  aquations  for  different  radiators  in  the  same 
optical  system  [Eq.  (2)],  and  the  same  radiator  in  different  optical  sys¬ 
tems  [Eq.  (3)]  : 


TA)A(X)P(X)dX 


/(  «.WN,<X.T, 


)A(X)P(X)dX 


"aAS  ■  /  'awna(X- 

A1 

■  /  C  !  (MN1  (X,  T)Al  (X)Pj  (XJdly/j*  C  2(X)N2(X.  T) A2(X)P2(X)dX 


(2) 


(3) 


The  subscript  "A"  refers  to  argon  and  to  the  standard.  Here  H  is  the  j 

i 

observed  photomultiplier  output,  c  is  the  radiator  emissivity,  N  is  its 
blackbody  function,  A  is  the  transmissivity  of  all  windows  and  filters  in  the 
light  path  (for  the  mirror  box  shots  it  also  includes  the  wavelength-dependent 
reflectivity  of  a  standard  paper  reflector  used  in  the  optical  path),  and  P  is 
the  spectral  response  of  the  photomultiplier.  The  integration  limits  are 
determined  by  the  particular  interference  filter  used.  The  ratio  of  H's  is 
usually  referred  to  as  H^j. 

The  color  temperature  of  the  tungsten  ribbon  was  rechecked 
using  pyrometers.  These  measurements  ranged  between  2360  and  2380°  K, 
generally  clustering  more  around  the  higher  value.  As  shown  in  Table  2, 
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Somewhat  uncertain  because  of  uncertainties  in  P  in  this  spectral  region. 


experimental  results  of.  photomultiplier  measurements  (H1/H2)  analyzed 
by  Eq,  (3)  lead  to  a  source  temperature  01  2370  to  2350°  K.  Using  ob¬ 
served  H^/Hs  in  Eq.  (2)  and  taking  Te  =  2370°  K  or  2380°  K,  gives 
Ta  -  28,  0008  K  or  Ta  2  29*  000°  K,  respectively,  as  shown  in  Table  3. 

The  comparisons  (  Eq.  (2)]  between  argon  and  nitrogen  are  given  in  Table  4. 
For  the  observed  Nj  shock  velocity  of  8.  1  mm/paec,  theoretical  calcula¬ 
tions  of  Christian  et  al. 4  give  Tj^  -  11,000U  K  and  those  of  Thouvenin^ 
give  Tjq^  =  11*200°  K.  Thus  the  results  in  Tables  3  and  4  strongly  support 
the  view  that  Ta  lies  between  28,000  and  29,000°  K.  Moreover,  these  re¬ 
sults  confirm  our  belief^'  ^  that  the  argon  flash  is  &  blackbody  radiator. 

The  nitrogen  flash  also  appears  to  be  blackbody. 

c.  Initiation  delays  of  granular  lead  azide 

All  the  initiation  delays  for  granular  lead  aside  measured  dur¬ 
ing  this  investigation  and  the  conditions  of  measurement  are  listed  in 
Table  5.  As  discussed  previously,  2  sun  tanning  of  the  aside  appears  to 
reduce  initiation  delay  jitter.  Therefore,  all  assemblies  were  exposed  to 
noon  sunlight  ("sun  tanned")  for  four  minutes  on  the  day  before  the  shot. 
Exposure  was  through  the  window  of  an  assembly.  Filters,  if  used,  were 
placed  over  the  windows  after  sun  tanning.  Normalisation  of  all  delays  to 
enable  shot-to-shot  comparison  was  the  same  as  used  previously.  2 

It  was  established  that  the  increase  in  initiation  delay  with  in- 
creasing  aside  packing  density  is  not,  as  suspected  previously,  a  spuri¬ 
ous  effect  due  to  the  decrease  in  azide  column  diameter  for  the  high-density 
pressings.  Recent  loadings  (see  Sec,  ll-2d)  show  quite  conclusively  that 
this  density  effect  is  independent  of  column  diameter  (see  figure  10). 

d.  Initiation  delays  for  sheet  lead  azide 

In  all  surface  initiation  trials  approximately  1/4- inch-diameter 
sheet  azide  disks  were  used  as  controls.  Normalized  initiation  delays  for 
front-surface  confined  disks  of  all  sheet  azide  batches,  except  1  and  2 
which  were  shot  before  a  reliable  method  of  attaching  confinement  was 
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developed,  ere  lilted  in  Table  6.  A*  already  mentioned  (see  Sec.  II-2c) 
some  difficulties  are  etill  encountered  in  attaching  confinement.  The  fairly 
large  jitter  shown  in  Table  6  ie  undoubtedly  a  consequence  of  thia.  The  re¬ 
sults  in  Table  6,  and  more  clearly  in  the  summary  Table  7,  indicate  all 
batches  except  7,  8,  and  13  have  about  the  same  normalized  initiation  de¬ 
lay.  Delays  for  Batch  7  are  shorter  than  the  others,  and  those  for  Batches 
8  and  13  are  longer.  Batch  7  was  made  with  colloidal  lead  azide.  The 
duFont  Company  informed  us  that  they  experienced  considerable  difficulty 
in  mixing  colloidal  aside  and  binder  prior  to  the  fabrication  of  the  sheet. 

It  is  believed  that  Batch  7  has  a  lower  binder  content  and  Batches  8  and  13 
a  higher  binder  content  than  usual.  This  view  is  supported  by  the  observa¬ 
tion  that  for  a  given  sun  exposure  Batch  7  turned  more  brown  (sun  tanned) 
and  Batch  8  less  brown  than  the  other  batches. 

e.  Initiation  of  plane  surfaces 

The  assembly  of  plane  surface  initiation  shots  was  described  in 
Sec.  Il-2b  and  depicted  in  figures  8  and  6.  In  all  these  shots  (as  well  as 
the  curved  surfaces  to  be  discussed  in  the  next  section)  the  explosive  face 
toward  the  smear  camera  was  viewed  by  a  multi- slit  arrangement  as 
shown  in  the  "still"  of  figure  11.  Generally  9  to  12  slits  traversed  the 
explosive  surface.  In  an  ideal  surface  initiation  the  smear  record  should 
look  just  like  the  still,  i.  e. ,  all  the  slits  should  be  lit  up  simultaneously 
along  their  entire  length.  Figure  1 1  shows  a  record  in  which  this  ideal 
situation  is  approached.  Figure  12  shows  a  shot  in  which  the  simultaneity 
of  detonation  is  not  as  good  as  that  in  figure  11,  presumably  because  the 
window  was  not  in  as  good  contact  with  the  azide  sheet. 

Table  8  presents  the  analysis  of  the  shot  shown  in  figure  11. 
Although  this  was  one  of  the  best  shots  from  the  point  of  view  of  small 
jitter,  certain  features  in  Table  8  are  common  to  most  plane-wave  shots. 
Note  the  increased  initiation  delay  at  the  outer  periphery  of  the  explosive 
("Top, 11  "Bottom,"  and  slit  1).  The  jitter  along  any  single  slit  is  often 
smaller  for  the  central  slits  than  for  the  outer  slits,  as  is  the  case  for 
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Tabl.  6 


NORMALIZED  INITIATION  DELAYS  Or  LEAD  AZIDE  SHE2T  DISKS 
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ANALYSIS  OF  PLANE  WAVE  SHOT  NO.  10.  MS 
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the  shot  shown,  The  jitter  along  a  single  out,  along  any  row,  or  overall, 
is  lour  to  live  times  greater  than  the  corresponding  standard  deviation 
Irom  the  mean,  which  according  to  the  usual  statistical  consideration*  in* 
dicates  a  randomly  distributed  variability  ol  initiation  delay.  For  example, 
the  shot  ol  ligure  12,  which  if  one  ol  the  worst,  has  an  overall  jitter  of 
0.  57  p.sec  and  an  overall  standard  deviation  from  the  mean  ol  0,  14  usee; 
without  "edges"  the  jitter  and  standard  deviation  are  0.50  and  0.  12  psec, 
respectively. 

The  overall  average  initiation  delays,  T,  the  average  ol  the 
shortest  initiation  delays  for  every  slit,  Tmin,  the  overall  jitter,  and  the 
overall  jitter  without  "edges"  are  shown  for  all  plane-wavs  shots  in  Table  9. 
With  the  exception  of  the  unconfined  or  poorly  confined  shots,  7  and  Tm-n 
are  not  vsry  different.  As  was  found  for  control  disks,  surface- initiation 
shot  delays  using  Batch  7  sheet  azide  are  shorter  and  those  using  Batch  8 
or  13  ire  longer  than  shots  using  the  other  batches.  The  average  initiation 
delays  are  not  very  strongly  influenced  by  the  type  of  confinement  used. 

This  observation  will  be  discussed  later.  The  greater  Jitter  at  the  "edges" 
has  already  been  mentioned.  The  results  shown  make  it  obvious  that  good 
(i,  e. ,  reproducibly  applied)  confinement  greatly  reduces  jitter.  Further 
study  of  these  data  shows  that  in  systems  of  comparable  confinement  jitter 
is  smaller  for  the  thicker  explosive  trains.  The  same  effect  is  observed  if 
one  compares  the  light-breakout  pattern  for  a  thin  explosive  train  with  that 
observed  when  the  shock  generated  by  the  same  explosive  train  travels 
through  about  1/8  inch  of  Lucite  and  becomes  luminous,  when  it  then  enters 
a  very  thin  argon  gap.  This  is  shown  in  figure  13.  The  earlier  light  break¬ 
outs,  which  are  numbered,  correspond  to  the  directly  viewed  detonation, 
and  the  later  set,  which  partially  overlaps  the  first  signals,  corresponds 
to  the  attenuated  shock.  Here  the  overall  jitters  before  and  after  passage 
through  the  Luc .  ;e  are  0.50  and  0.42  psec,  and  the  corresponding  "without 
edges"  jitters  are  0.48  an<  0.  30  psec.  Ii.  other  records  this  effect  is 
even  more  pronounced.  These  observations  are  consistent  with  the  supposi¬ 
tion  tl.-t  the  leading  portions  of  a  ragged  shock  profile  are  attenuated  more 
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SURTACE  INITIATION  SUMMARY 


0 


by  any  medium,  explosive  or  inert,  through  which  the  shock  passes.  From 
2.  prscticsi  cf  view  this  is  211  irnpc rtint  offset#  It  n*s sns  iiiSit  svts i  * 

rather  jittery  shock  can  be  appreciably  smoothed  before  it  enters  a  test 
structure  which  is  being  shock-loaded  "simultaneously"  along  its  surface 
if  one  interposes  some  relatively  thin  plastic  sheath  between  the  explosive 
and  the  test  structure.  It  seems  likely  that  any  ablating  material  around 
the  test  structure  will  function  in  this  manner. 

i 

i.  Angle  effect 


Before  summarizing  the  observations  on  surface  initiation  of 
cylinders,  it  is  necessary  to  consider  how  Initiation  delay  is  influenced  by 
tilting  the  lead  aside  surface  to  some  angle  «  relative  to  the  vertically 
positioned  shot  holder  which  is  parallel  to  the  advancing  plane  argon  shock. 

If  all  the  radiation  arrived  as  a  collimated  beam,  and  if  the  aside  surface 
acts  as  a  Lambertian  absorber,  the  fraction  of  radiation  received  by  the 
azide  would  be  proportional  to  its  projected  area  and  would  be  given  by 
cos  a.  In  reality  some  70  to  80%  of  the  energy  is  received  via  reflections 
and  the  radiation  strikes  the  azide  at  all  angles  of  up  to  about  60°  so  that  a 
simple  cosine  law  would  not  be  expected  to  hold.  Since  the  optics  of  the 
situation  are  very  complex,  an  empirical  approach  was  used  to  determine 
the  magnitude  of  the  angle  effect.  Standard  assemblies  were  tilted  at  known 
angles  from  the  vertical  and  initiated  and  recorded  in  the  usual  manner. 
Results  are  shown  in  figure  14.  Although  the  experimental  scatter  is  large, 
it  is  apparent  that  the  angle  effect  is  quite  small  for  tilts  of  up  to  30°  or 
even  40°. 

g.  Surface  initiation  of  hemicylinders 

These  results  are  summarized  in  Table  9.  Here  T  and  T 

min 

differ  from  each  other  rather  more  than  they  did  for  flat  surfaces.  Often 
the  overall  jitter  is  greater  than  for  flat  surfaces,  but  is  roughly  comparable 
to  flat  surfaces  if  jitters  are  taken  along  any  given  horizontal  traverse. 

A  27.  5-mm  radius  of  curvature  hemicylinder  (figure  15)  appears  to  show  a 
decidedly  faster  initiation  in  the  central  portions  than  for  the  outer  portions. 
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Flgur*  14  INFLUENCE  OF  TILT  ANGLE  ON  INITIATION 
DELAY  OF  PVA  LEAD  AZIDE 


For  the  more  gradually  curved  surface  of  figure  16  this  difference  in 
initiation  delay  ia  laaa  pronounced.  The  atrongeat  argument  againat  ex¬ 
plaining  theaa  observation!  on  the  basis  of  the  angle  effect  just  discussed 
is  furnished  in  figure  17.  Here  the  radius  of  curvature  was  25  mm  so  that 
the  angle  effect  should  have  been  quite  pronounced,  but  initiation  can  be 
seen  to  occur  uniformly  over  most  of  the  viewed  surface.  There  were  no 
cracks  in  the  glass  confinement  of  this  shot.  For  the  shots  in  figures  15 
and  16  the  glass  front-surface  confinement  was  cracked  during  loading. 
Photographs  of  the  crack  pattern  are  superimposed  on  the  smear  records. 
Note  the  striking  correspondence  of  crack  location  and  increased  initiation 
delay.  Thus  an  appreciable  fraction  of  the  observed  jitter  in  these  shots 
is  due  to  cracks  in  the  confinement,  and  the  apparent  early  initiation  in 
the  center  of  figure  15  is  presumably  due  to  crack  location  rather  than  any 
angle  effect.  Very  close  to  the  upper  and  lower  portions  of  these  records 
the  tangents  to  the  curved  surfaces  form  angles  of  30  to  40°  from  the 
vertical.  The  increased  initiation  delay  observed  in  all  three  records  for 
these  regions  may  well  be  a  manifestation  of  the  angle  effect. 

The  record  of  figure  17  also  provides  clesur-cut  evidence  about 
the  major  cause  of  delay  jitter.  During  shot  assembly  it  was  noticed  that 
there  was  poor  contact  between  aside  and  glass  confinement  in  what  is  the 
lower  right-hand  region  of  the  record,  and  to  a  lesser  degree  in  the  ex¬ 
treme  left  of  the  shot.  These  regions  correspond  exactly  to  the  long  de¬ 
lays  seen  on  the  lower  portions  of  slits  1  and  2  and  the  jitter  shown  by  the 
upper  part  of  slit  9. 

The  results  in  Table  9  show  a  larger  jitter  for  the  shots  con¬ 
fined  with  thin  plastics  than  with  glass.  It  is  believed  that  this  difference 
is  primarily  due  to  the  difficulty  of  obtaining  a  good  bond  between  the 
plastic  and  the  sheet  aside.  In  the  regions  of  no  bonding  or  weak  bonding 
the  aaide  and  the  plastic  separate,  the  delay  ie  increased,  and  thia  shows 
up  as  jittar.  Aa  will  bs  shown  later  (Table  12),  1 -mil-thick  plastic  is  as 
good  a  confining  agent  aa  40-mil  glass  for  granular  lead  aside. 


Initiation  ol  utile x  cA^iuoiveo 


in 

The  procedure*  uaed  in  attempting  to  initiate  nitroglycerin  or 
PETN  by  an  argon  fla*h  were  deecribed  in  Sec.  H-2g.  In  retrospect  it 
leemi  that  more  Nigroeine  black  dye  should  have  been  dissolved  in  the 
nitroglycerin  to  make  it  more  ab*orbent.  Three  readable  records  were 
obtained  in  six  trials  contained  in  a  single  shot.  For  all  three  the  light 
"signal"  emerging  from  the  face  opposite  to  that  irradiated  by  the  flash 
was  diffuse  and  lasted  for  several  microseconds.  This  is  the  type  of 
signal  one  might  associate  with  a  deflagration  rather  than  a  detonation. 

The  first  discernible  appearance  of  diffuse  signals  (these  include  transit 
times  from  the  irradiated  face  to  the  camera  face)  occurred  in  8.  75  psec 
for  a  quartz  window  assembly  and  9. 60  and  ~14  psec  for  glass  window 
assemblies.  Shock  arrival  at  irradiated  surfaces  occurred  in  about  26  psec. 
Clearly,  some  light-induced  effect  was  thus  observed.  However,  this 
effect  is  slow  and  variable  and  does  not  appear  to  produce  a  detonation  in 
nitroglycerin  columns  about  1/4  inch  in  diameter  and  about  0. 1  inch  long. 

In  most  trials  with  finely  divided  PETN,  pure  or  mixed  with  fine 
graphite,  the  observed  light  signals  corresponded  to  detonations.  However, 
the  time  to  the  start  of  these  signals  always  occurred  after  the  shock  in 
argon  had  arrived  at  the  irradiated  PETN  surface.  As  shown  in  Table  10, 
the  difference  in  time  between  shock  arrival  and  start  of  light  signal  appears 
to  be  independent  of  window  transmi8sivlty--initiation  occurred  even  with 
windows  painted  black.  This  delay  also  appears  to  be  independent  of  PETN 
packing  density.  It  may  be  a  little  longer  for  the  PETN/graphite  mixtures 
than  for  pure  PETN  and  it  definitely  increases  with  increasing  window  thick¬ 
ness.  Clearly,  this  is  a  shock  initiation  phenomenon  and  because  it  may 
be  of  some  general  interest,  further  discussion  is  presented  in  Appendix  A. 

Occasionally  deflagration-like  signals  were  observed  with  granu¬ 
lar  PETN  p  ior  to--and,less  frequently,  instead  of--tho  detonation  signals. 
These  hard-i  o-read  records  are  summarized  in  Table  11.  The  delay  from 
start  of  flash  to  first  discernible  "deflagration"  seems  to  depend  in  some 
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ARGON  SHOCK  INITIATION  OF  GRANULAR  PETN 


complicated  fashion  on  energy  and  confinement.  Generally  delays  are 
shorter  with  quartz  windows  than  with  glass.  The  more  absorbent 
graphited  PETN  may  give  shorter  delays  with  comparable  windows  than 
pure  PETN  (note  last  entry  in  Table  11  which  contradicts  this  generaliza¬ 
tion).  The  single  result  with  a  Teflon  FEP  window,  which  transmits  u.  v. 
nearly  as  well  as  quartz,  shows  &  long  delay.  This  may  indicate  the  need 
for  heavier  confinement.  Even  this  initiation,  which  occurred  about  2.  2 
psec  after  the  argon  shock  arrived  at  the  irradiated  surface,  could  have 
started  before  shock  arrival  since  the  transit  time  through  the  deflagrat¬ 
ing  PETN  could  easily  have  been  much  longer  than  2.  2  psec  (for  a  steady 
detonation  established  instantaneously  at  the  irradiated  surface  the  transit 
time  would  be  1. 2  psec). 
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(a)  8-inch  u.  v.  reflecting  mirror  box;  all  others  4-inch  u.v.  reflect! 

(b)  If  steady  detonation  starts  immediately,  transit  time  is  1.2  ^sec. 


SECTION  JU 


DISCUSSION 


1 .  Dependence  of  Initiation  Delay  on  Energy  Absorption 

a.  Model  of  initiation  process 
Z 

As  before,  it  will  be  convenient  to  describe  qualitatively  a 
model  for  the  initiation  process  and  then  examine  its  quantitative  conse¬ 
quences.  New  data  suggest  the  need  for  some  modification  of  the  original 
model, ^  although  that  model  appears  to  be  correct  under  conditions  of  good 
front-surface  confinement  and  relatively  low  lead  azide  packing  densities. 

(1)  Assume  that  the  argon  radiation  absorbed  by  the  azide 
appears  primarily  as  heat  and  is  used  to  raise  the  tem¬ 
perature  of  the  azide. 

(2)  Assume  that  there  is  no  heat  loss, 

(3)  Assume  that  for  most  of  the  observed  initiation  delay 
there  is  no  thermal  decomposition  of  the  azide  and  con¬ 
sequently  no  self-heating. 

A  ssn— «  that  self-he**4**,  i,  a. ,  thermal  decnmoosltlon, 
it  starts,  leads  to  thermal  explosion  Zu.  ’.r'.onatlon 
in  very  short  times,  provided  that  decomposition  takes 
place  in  a  sufficiently  thick  azide  layer. 

(5)  Assume  that  the  primary  energy  transport  mechanism 
to  achieve  critical  reaction  zons  thickness  in  the  azide 

is  via  hot  product  gas  flow  from  already  reacted  regions. 
Under  favorable  conditions  this  energy  transport  can  be 
very  rapid;  hence,  compared  with  the  observed  initiation 
delays,  energy  transport  times  are  very  short. 

(6)  When  conditions  for  inward  gas  flow  are  unfavorable, 
energy  transport  to  achieve  critical  thickness  is  via  pene¬ 
tration  of  flash-bomb  radiation  into  the  azide  regions  be¬ 
low  the  "front"  surface.  Thie  is  a  slower  process  than  (5). 

A  sketch  of  the  expected  surface  temperature-time  profile  in  figure  18 
may  help  clarify  the  proposed  model  for  conditions  favoring  (5).  Here  T 
is  the  observed  initiation  delay,  T  is  the  time  to  reach  Tc  above  which 
self-heating  takes  over,  Q  and  are  heat  of  reaction  and  specific  heat 
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Figur*  18  SKETCH  OF  THE  POSTULATED 
TEMPERATURE-TIME  PROFILE 
FOR  THE  INITIATION  OF  WELL- 
CONFINED,  POROUS  LEAD  AZIDE 
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of  lead  azide,  B  is  a  constant,  characteristic  of  the  system  used,  ar.d  f 
is  the  fraction  of  azide  decomposed  in  time,  t. 

Because  T  is  of  the  order  of  1  to  1  0  psec,  and  Tc  has  been 
shown2  to  be  of  the  order  of  900°  K,  assumption  (2)  appears  to  be  sound; 
i.  e.  ,  the-e  i«  insufficient  time  for  appreciable  heat  loss  by  conduction  and 
Tc  is  too  low  for  radiation  to  be  important.  Since  chemical  reaction  rate 

is  controlled  by  the  term  exp"^^,  the  abrupt  change  [assumption  (i)] 

from  no  reaction  to  very  rapid  reaction  seems  reasonable,  provided  E, 

the  activation  energy  of  the  rate-controlling  process,  is  fairly  large,  as  , 

2 

found.  Assumption  (4)  has  been  modified  to  bring  in  the  realization  that 
in  order  to  establish  a  steady  detonation  a  layer  many  molecules  thick  has 
to  react  in  times  comparable  with  T  or  shorter.  If  the  reacting  layer  is 
too  thin,  a  rarefaction  from  the  azide-confinement  interface  can  quench 
reaction  and  prevent  growth  to  detonation. 

If  the  proposed  model  is  correct,  under  favorable  conditions  of 
confinement  and  packing  density,  initiation  occurs  very  shortly  after  any 
azide  region  of  sufficient  thickness  reaches  Tc,  regardless  of  the  window- 
niter  system  ueed.  Thus  it  is  to  be  expected  that  for  these  cases 

T  *  constant  ■  BT  +  T  — BT  -f  T 
c  coo 

where  B  is  the  maximum  rate  of  temperature  rise  of  the  lead  azide.  That 

Te  is  constant,  i.  e. ,  B'T'  +  T'  ~B"T"  +  T"  has  been  established  expert- 
v  o  o 

mentally  by  meaeuring  initiation  delays  for  different  window-filter  combi¬ 
nation*  placed  between  the  azide  and  the  flash-bomb  and  also  varying  the 
ambient  temperature.  2 

Consistent  with  assumption  (2),  heat  conduction  from  the  region 
of  maximum  reaction,  located  at  essentially  the  mathematical  front  surface 
of  the  irradiated  azide,  ie  too  slow  to  achieve  temperatures  of  the  order  of 
T£  in  times  in  a  layer  of  the  order  of  1  p  thick.  A  £OBteriori  justifica¬ 
tion  for  critical  layer  thicknesses  of  around  1  p  will  be  furnished  later. 
Similarly,  at  ^ ny  plane  a  distance  x  below  the  mathematical  front  surface, 
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_  fty 

radiation  absorbed  in  time  T,  will  raise  the  temperature  by  BTre  <(T„-T0). 
Clearly  under  the  usual  conditions  of  good  front- surface  confinement  and 
low  packing  density  (BT  =  constant)  penetration  of  radiation  cannot  be  the 
controlling  mechanism  by  which  a  critical  thickness  is  heated  to  around  Tc. 
Under  different  conditions,  namely,  poor  surface  confinement  or  low  poros¬ 
ity,  penetration  of  argnn  radiation  into  the  azide  "interior"  can  become  very 
important.  For  conditions  under  which  BT  is  constant,  it  is  suggested* 
that  the  main  process  by  which  reaction  is  established  in  a  critical  thick¬ 
ness,  is  by  hot  gas  flow  from  the  reacted  regions  near  the  mathematical 
front  surface.  Figure  19  is  a  very  rough  schematic  of  what  may  be  hap¬ 
pening.  Hot  gas  product  clouds  from  irradiated  regions  of  adjacent  azide 
grain*  may  interact  with  each  other  and  vath  the  front-eurface  confinement 
to  form  jet-like  streams  which  impinge  on  the  unirradiated  portions  of 
these  grain*  and  particularly  the  neat  layer  of  grain*  which  are  shadowed 
by  the  front  Layers.  Hot  gas  is  continually  supplied  from  the  reacting 
regions  which  now  include  not  only  the  irradiated  surfaces  (which  are  likely 
to  be  molten  lead  azide  just  prior  to  appreciable  reaction)  but  a?*”  »*■#»• 
heated  to  above  Tc  by  the  gas  streams.  This  cumulative  buildup  of  pres¬ 
sure  and  temperature  could  rapidly  establish  condition*  required  for 
steady  detonation. 

A  previous  attempt  at  explaining^  the  confinement  effect  is  shown 
to  be  inapplicable  in  Appendix  B. 

b.  New  evidence  for  constancy  of  BT 

A  rigorous  definition  of  B,  the  maximum  rate  of  temperature 
rise  of  the  lead  azide,  as  given  in  Reference  7  is: 

rV 

B  *  -—I  A(X)  W(X)  1 1  -  R(X)]  a(X)  i  (X,  t)  F  (X,  t)dtdX  (4) 

'vJsJo 


*  The  gas  flow  mechanism  was  suggested  to  the  author  by  G.  M,  Muller 
of  these  Laboratories,  who  also  deeigmi  figure  19,  and  set  up  the  cal 
culations  discussed  in  Appendix  B. 
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Figurt  19  PROPOSED  GAS  FLOW  MECHANISM:  EFFECT 
OF  CONFINEMENT  (a)  GRAIN  CONFIGURATION 
BEFORE  IRRADIATION,  (b)  EARLY  REACTION 
STAGE,  AND  (e)  JETTING  AS  THE  RESULT  OF 
INCREASING  GAS  PRESSURE.  INITIATION  OF 
REACTION  AT  SECONDARY  SITES 
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v-'hsrc  W  ■  ffN,  N  i“  the  KlarVhody  function  of  Eos.  (2)  and  (3).  I  ie  the 
relative  light  intensity,  and  F  is  a  measure  of  the  radiation  divergence 
loss.  The  other  symbols  have  the  same  meaning  as  those  defined  in 
figure  1.  Figures  7  and  8  show  that  I  changes  quite  slowly  with  X  and  t 
for  most  of  our  experimental  conditions.  Consequently,  it  is  sufficiently 
accurate  to  replace  I  by  an  eifective  light  intensity  I  as  defined  by  Eq.  (1) 


and  to  take  I  outside  the  integral  signs.  Similarly,  F  is  replaced  by  Fj 
as  given  by  Eqs.  (1),  (11),  and  (12)  of  Reference  2.  Equation  (4)  there¬ 
fore  is  simplified  to 


B 


A(X)W(X)[l-R(X)]  0(X)dX 


(5) 


and  the  integral  is  evaluated  numerically  as  before. 


2 


It  ia  reasonable  to  inquire  whether  R(X)  and  Of(X)  measured  at 
room  temperature^  remain  unchanged  as  the  aside  gets  hot.  An  affirma¬ 
tive  answer  ie  provided  by  the  following  experiments.  Approximately 
20-p-thick  disks  of  ball-milled  PVA  lead  azide  were  placed  on  thin  glass 

and  irradiated  ttuv,^.  >1 _ g  ->y  a  "small-scale"  (see  Kef.  2)  argon 

flash-bomb.  The  light  transmitted  through  the  window  and  disk  was  viewed 
with  our  photomultiplier  system.  The  disk  constitutes  a  very  good  diffuser 
and  it  is  therefore  to  be  expected  that,  if  ite  characteristics  do  not  change, 
the  light  transmitted  increases  as  the  radiating  plane  shock  approaches  the 
diffuser.  As  seen  in  figure  20,  FI  [F  from  the  geometry  of  the  system 
and  Eq.  (10),  Ref.  2,  and  I  from  figure  7]  ,  which  is  a  measure  of  the 
illumination  of  the  azide  disk  by  the  advancing  shock,  re  directly  propor¬ 
tional  to  the  observed  light  intensity  transmitted  through  the  disk.  This 
could  hardly  be  the  case  if  either  a  or  R  changed  appreciably  as  the  azide 
temperature  increased  toward  Tc.  At  the  time  T,  shown  in  figure  20,  ex¬ 
plosion  presumably  occurred  and  the  transmissivity  of  the  system  de¬ 
creased  drastically  because  of  chemical  change  and  very  much  higher  tem¬ 
peratures  and/or  shattering  of  the  thin  window.  It  is  very  gratifying  that 
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calculated  illumination  a  fi 


^  *****  »*-  «»»»•!» 

Figure  20  PROPORTIONALITY  OF  ILLUMINATION  AND  LIGHT  TRANSMISSION 
OF  THIN  AZIDE  DISKS 
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the  Tc  =  BT,  calculated  on  the  basis  of  the  T  of  figure  20,  is  5  90°  K  which 
is  in  excellent  accord  with  the  average  Tc  01  610°  K  (Table  11,  Ref.  7). 

As  already  mentioned,  it  is  to  be  expected  that  BT  =  constant 
for  low  to  intermediate  azide  packing  densities  and  for  good  front-surface 
confinement.  New  results  (those  not  reported  in  Ref.  2  or  7)  are  summar¬ 
ized  in  Table  12.  Note  that  BT  is  constant  even  for  N^  flash-bombs  for 
which  T  is  about  ten  times  longer  than  for  argon  flash-bombs.  As  indi¬ 
cated  by  the  last  entry  in  Table  12,  as  little  as  1  mil  of  low-density  plastic 
constitutes  "good"  front-surface  confinement. 


Table  12 

CRITICAL  TEMPERATURE  RISE  OF  WELL-CONFINED, 
POROUS  LEAD  AZIDE  AGGREGATES 


Confinement 

No.  of 
Measure¬ 
ments 

Normalized* 
Average_ 
Delay  =  T 
(psec) 

B  ** 

0 

(°K/psec) 

B 

(°  K/psec) 

At  =bt 

(°K) 

3 9 -mil  glass 

many  (a) 

0.  88 

1300 

693 

610 

2 9 -mil  glass 

30 

0.  84 

1390 

715 

610 

39-mil  glass 

4 

9.  12(b) 

111(b) 

69(b) 

620 

29-mil  glass 

6 

9.  00(b) 

■BBI 

71(b) 

645 

65 -mil  quartz 

2 

6.  40(b) 

1 

92(b) 

595 

65 -mil  quartz 

2 

0.  67(c) 

--5000(c) 

-■'860(c) 

-575 

29-mil  glass 

2 

1.79(c) 

1390(c) 

330(c) 

590 

1  -mil  PVF 

3 

0.  75 

1840 

300 

600 

*  Maximum  spread  is  around  0.1  T  or  less. 

**  Is  tbe  integral  of  Eq.  (5)  divided  by  cv> 

(a)  See  Reference  2. 

(b)  N2  flash  of  Tn  =  11,000°K;  all  others  argon  flash  of  T^  s  29,  000°  K. 

2 

(c)  4x4x4 -inch  "Black  Box"  -  no  reflections;  all  others  mirror  boxes, 
usually  4x<.x8  inches. 
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It  » n  r>  ft*  nrr\  tlir  U»w*  column  rvf  Tnhl#>  Q  that  HT  is  rv»l  ron^j;itil 
for  sheet  lead  azide.  All  valuer  are  higher  than  the  expected  610''  K/pyec 
even  after  they  have  been  corrected  for  an  increase  in  T  due  to  the  higher 
packing  density  of  the  sheet  azide  as  compared  with  standard  granular 
azide  pellets.  The  values  closest  to  the  expected  one  are  for  Batch  7  sheet 
azide.  There  is  reason  to  believe  that  this  batch  contains  the  least  amount 
of  Teflon  binder.  Batch  8  or  Batch  13  which  contain  the  largest  amount  ol 
binder  give  the  largest  apparent  BT.  Consequently,  the  larger  than  expected 
BT's  are  understandable  in  terms  of  radiation  absorption  by  the  binder 
which,  as  is  known  from  propellant  technology,  congregates  on  the  sheet 
surfaces.  The  binder  layers  act  as  extra  light  filters. 

c.  Estimates  of  critical  thickness 

Figure  10  shows  that  as  the  porosity  of  well-confined  azide  aggre¬ 
gates  is  greatly  reduced,  initiation  delay  increases.  At  low  packing  density, 
moving  the  window  away  from  the  irradiated  azide  surface  also  increases 
initiation  delay  as  shown  in  figure  21.  Both  these  effects  are  understand¬ 
able  in  terms  of  the  critical  reaction  thickness  model.  If  this  model  is  cor¬ 
rect,  then  under  conditions  which  prevent  gas  flow  into  the  interior  and  per¬ 
mit  only  penetration  of  radiation,  for  an  observed  delay  T', 

Tc  =  constant  =  610°  K  =  BT'e‘ftP°X  (6) 

_  2 
where  tt  is  the  average  absorption  coefficient  (in  cm  /g)  in  a  region  x  cm 

below  the  mathematical  front  surface  of  the  azide.  In  words,  Eq.  (6)  states 
that  within  a  thickness  x  all  the  azide  is  at  least  aB  hot  as  the  critical  reac¬ 
tion  temperature  T  .  Since  we  are  referring  to  individual  grains,  the 
appropriate  density  [pD  in  Eq.  (6> ]  is  4.  8  g/cc,  the  crystal  density  of  lead 
azide.  Knowing  T'  and  B  and  estimating  O  (from  figure  10  and  Table  12 
of  Ref.  2)  one  can  solve  for  x.  The  results  of  these  computations  are  sum¬ 
marized  in  Table  13.  They  lead  to  the  following  conclusions; 

(1)  At  low  packing  de  ~ity  the  calculated  x  increases  with 
separation  of  aziu.  and  window.  The  big  variation  in  x 
occurs  between  one  mil  and  several  mils  separation. 

For  larger  separations,  x  does  not  change  any  further. 


59 


t  **  V  'ru  ~  t  _..l  •  %«#s+U  narVinff  H  »T»  *itv-  - 

|b|  x  uo  caicvuavwu  «%  *»4w*  ••  ***•  i - -B  • — - / 

rapidly  at  intermediate  deneitiee  and  very  elowiy  at  high 
densities. 

(3)  Over  wide  ranges  (~250  to  1300  K/psec)  x  is  independent 
of  B. 

(4)  Extrapolating  the  delay  vs  density  plot  for  well-confined 
assemblies  (figure  10)  to  crystal  density  and  using  this 
value  in  Eq.  (6)  gives  x~l.  1  p  which  agrees  very  well 
with  the  critical  thicknesses  obtained  at  high  densities 
in  unconfined  systems.  This  is  strong  evidence  that  the 
confinement  effect  and  the  density  effect  are  caused  by 
the  same  phenomena.  This  "measured"  x  justifies  the 
use  of  ~1  p  critical  thickness  in  Sec.  Ill-la. 

(5)  For  very  small  B's  (nitrogen  flash)  gas  penetration 
somehow  appears  to  be  the  main  energy  tr^sport 
mechanism  even  under  conditions  where  gas  penetra¬ 
tion  has  been  largely  eliminated  at  the  higher  rates  of 
energy  absorption.  This  apparent  anomaly  will  be  ex¬ 
amined  later. 

Since  steady  detonation  in  homogeneous  or  heterogeneous  materi¬ 
als  is  also  believod®  to  be  a  thermal  process,  it  may  be  suggested  that  the 
approximately  1-p  critical  thickness  found  above  is  of  the  same  magnitude 
as  the  reaction  zone  thickness  in  an  established  lead  azide  detonation. 
Certainly  such  a  narrow  reaction  zone  is  consistent  with  the  common 
observations  of  no  diameter  effect  and  no  run-up  to  detonation  for  lead 
azide.  The  1-p  critical  thickness  is  also  consistent  with  "hot  spot"  diame¬ 
ter  estimates.  9 
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RAISED  WINDOW  EFFECT 


WH*M*  » 


d.  Pressure  rise  during  initiation 


i  Figure  21  ahowi  that  the  initiation  delay  in  u  ncoufittcd  system 

at  an  ambient  pressure  of  21  atm  ia  considerably  shorter  than  the  delay  in 
a  similar  system  at  1  atm.  It  seems  reasonable  to  expect  a  similar  effect, 
regardless  of  how  it  is  caused,  from  gas  formed  during  the  early  stages  of 
lead  aside  decomposition  provided  that  this  gas  cannot  escape  too  rapidly. 
For  low  pressures,  i.  e. ,  early  stages  of  decomposition,  the  gases  produced 
should  behave  ideally  and  the  preesure  for  a  constant  volume  reaction  will  be 
given  by 

3p  fT 

P  »  — ~~  ■  WT 

(where  Pq  ia  the  packing  density  and  M  the  molecular  weight  of  lead  azide, 
and  f  is  the  fraction  of  aside  decomposed. 

|[  The  product  fT  as  a  function  of  time  and  B  can  be  obtained  from 

i 

)  numerical  solutions  of  the  heat  balance  equation  [  Eq.  (18)  of  Ref.  2  or  Eq. 

(5)  of  Ref.  7]  .  This  was  done  for  the  following  conditions: 

E  =  37  K cal/ mole,  Z  *  1014sec"1,  Q/c  »  3250°K.  T  »  300°K. 

v  o 

The  time  differences  between  producing  pressures  of  10,  20,  40,  and  100 
|  atm  and  thermal  explosion  are  given  as  functions  of  B,  the  energy  absorp- 

j  tion  rate,  in  figure  22,  which  also  shows  some  other  information  to  be  dis- 

t  cussed  later.  These  plots  suggest  that  for  low  B,  for  which  most  of  the 

decomposition  occurs  over  a  period  of  the  order  0. 1  psee  or  more,  the 
earliest  stages  of  decomposition  create  an  "ambient"  pressure  of  several 
tens  of  atmospheres  (for  p  =  40  atm,  f  ~0. 02).  Presumably  such  a 
pressure  near  the  Irradiated  reacting  surface  is  sufficient  to  deflect  most 
of  the  subsequent  hot  gas  product  flow  inward  into  the  azide  mass  and  create 
conditions  favorable  for  the  type  of  energy  transport  shown  in  figure  19. 

For  most  of  the  studied  systems  B  is  such  that  the  duration  of  the  inter¬ 
mediate  pressure  regime  is  so  short  that  it  could  have  less  influence  on 
the  subsequent  gas  flow  than  in  the  case  of  a  nitrogen  flash  of  very  low  B. 
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Figurt  21  EFFECT  OF  INTIMACY  OF  FRONT-SURFACE  CONFINEMENT 
ON  INITIATION  DELAY  OF  PVA  LEAD  AZIDE 
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However,  the  result*  in  Table  13  (increase  of  x  in  vacuum  and  with  sepa¬ 
ration  of  window}  anooeat  that  avan  for  these  high  B  systems  there  is  some 
inward  ga*  flow  which  i*  stopped  only  when  the  porosity  of  the  system  gets 
very  low.  It  is  also  possible  that  high  energy  absorption  rates  create 
vigorous  gas  jets  many  of  which  escape  from  the  irradiated  surface  if  it  is 
unconfined,  and  that  this  loss  is  less  important  at  low  B. 

e.  Types  of  light  breakout 

It  ha*  been  pointed  out  that  detonation  starts  very  near  (within 
~l|i)  the  irradiated  lead  aside  face  but  is  viewed  by  the  streak  camera  at  the 
opposite  face.  Because  of  this  it  is  not  immediately  apparent  that  the  type 
of  light  signal  recorded  by  the  camera  bears  any  relation  to  the  conditions 
obtaining  at  the  Irradiated  face.  Considerable  evidence  has  now  been  accu¬ 
mulated  which  shows  that  the  system  does  have  a  "memory, "  so  that  condi¬ 
tions  prevailing  at  the  irradiated  face  do  control  the  type  of  light  signal 
observed.  For  instance,  length  or  diameter  of  the  aside  column  or  sleeve 
material  do  not  influence  the  type  of  signal  produced  but  the  rate  of  energy 
absorption  does.  Shielding  the  outermost  periphery  of  the  irradiated  aside 
surface  changes  the  type  of  signal  and  so  does  the  intimacy  of  front- surface 
confinement. 

The  varieties  of  breakout  signals  have  been  classified  into  six 
groups  which  are  sketched  in  the  footnotes  of  Table  14.  The  frequency  of 
occurrence  of  each  of  these  groups  for  well-confined  lead  aside  aggregates 
is  shown  in  Table  14  as  a  function  of  B,  the  rate  of  energy  absorption  by 
the  aside.  Although  there  is  variation  and  overlap,  the  trend  is  unmistak¬ 
able.  As  B  decreases  the  signals  change  from  "symmetric"  to  "center" 
to  "top  or  bottom. "  The  latter  type  is  also  characteristic  of  poor  confine¬ 
ment  and  possibly  of  high  packing  density.  Symmetric  signals  must  arise 
from  uniform  initiation  all  around  the  outer  aside  column  periphery  as 
sketchod  in  figure  8  of  Ref.  1.  Not  shown  in  the  sketch  are  the  multipoint 
initiations  which  must  occur  all  over  the  irradiated  surface  a  little  later. 
These  spherical  wavelets  coalesce  to  form  a  nearly  plane  wave  front  which 
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XlkUc u>  lire  1  pc. tier;  cf  the  light  eigr.al  ?«  «u«w«  in  th«  footnote*  of 

Table  14* 

On  the  average  the  symmetric  signal  has  a  duration  of  around 
0.05  psec.  Using  this  time  in  a  simple  model  like  the  one  in  figure  8  of 
Ref.  1  leads  to  an  aside  detonation  velocity  which  is  much  too  high.  Modi¬ 
fying  this  model,  as  suggested  above,  to  include  multipoint  initiation,  de¬ 
layed  some  0.  05  psec  behind  the  peripheral  initiation,  leads  to  detonation 
velocities  in  good  agreement  with  measurements  by  other  techniques  (see 
figure  2).  The  "unsymmetric"  signals  must  also  result  from  peripheral 
initiation  but  initiation  which  is  no  longer  uniform  in  time.  For  unknown 
reasons  these  signals  are  generally  "sharp"  aa  shown  and  do  not  have  the 
flattened  portions  of  the  symmetric  signals.  The  ‘'straight"  signals  quite 
obviously  have  their  origin  in  nearly  uniform  initiation  all  over  the  surface. 
Because  the  aside  face  toward  the  camera  is  viewed  by  a  single  slit  across 
it  (sea  the  still  record  of  figure  1 3),  very  little  can  be  said  about  the  ori¬ 
gins  of  the  other  type  of  signals  except  that  they  are  nonuniform  over  the 
time  scale  of  the  order  of  0.  1  psec. 

Once  again  a  reasonable  explanation  of  the  above  observations 
is  provided  by  the  critical  thickness  model.  For  reasonably  good  front- 
surface  confinement  and  intermediate  aside  packing  density,  snergy  trans¬ 
port  to  achieve  critical  thickness  is  believed  to  be  primarily  via  product 
gas  flow.  One  might  expect  that  at  high  rates  of  energy  absorption  by  the 
azide,  product  gas  interactions.  i.e. ,  formation  of  inward  flowing  gas  jets, 
is  facilitated  because  gas  pressures  increase  rapidly  even  in  the  early 
stages  of  decomposition  at  the  irradiated  surface.  Conversely,  when  B  is 
small,  early  decomposition  is  relatively  slow,  the  gas  streams  are  rela¬ 
tively  "diffuse,"  and  establishment  of  inward  gas  flow  should  be  slower 
than  above. 

These  considerations  may  explain  the  shift  from  "straight"  sig¬ 
nals  to  "top  or  bottom"  signals  as  B  decreases.  The  causes  behind  the 
preponderance  of  "symmetric"  signals  at  the  highest  observed  B's  are  not 
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understood  except  that  in  a  general  way  one  might  expect  optimum  condi¬ 
tions  for  jet  formation  at  the  azide-sleeve-window  interface. 

It  is  fruitful  to  examine  the  total  time  duration  of  the  lead  azide 
light  signals  in  terms  of  the  critical  thickness  model.  Figure  22  shows 
light  signal  duration  of  well-confined  porous  lead  azide  assemblies  as  a 
function  of  B  as  well  as  the  pressurization  time  discussed  in  the  previous 
section.  Note  the  rather  close  correspondence  between  signal  duration 
and  the  10- atm  pressurization  at  high  B  levels.  As  B  decreases  the  sig¬ 
nal  duration  curve  tends  toward  pressurization  curves  of  more  than  10  atm-- 
for  example,  toward  20  atm.  In  these  assemblies  BT  =  constant  (T  is 
taken  to  the  start  of  the  light  signal),  i,  e. ,  detonation  is  established  very 
shortly  after  the  thermal  explosion  of  the  foremost  lead  aside  regions  be¬ 
cause  energy  transport  to  achieve  critical  thickness  is  very  rapid.  The 
finite  duration  of  the  light  signal  is  presumably  caused  by  email  differ¬ 
ences  in  time  to  achieve  critical  thickness  for  different  regions  of  the  de¬ 
composing  azide.  These  differences  depend  on  local  circumstances  but, 
since  it  is  expected  that  these  circumstances  are  generally  randomly  dis¬ 
tributed  over  the  entire  azide  face,  the  average  signal  duration  should  be  of 
some  significance.  It  is  obvious  that  only  a  rather  smell  portion  of  any 
azide  grain  is  in  true  contact  with  the  front-surface  confinement,  (see  fig¬ 
ure  19).  The  model  suggests  that  critical  thickness  resulting  in  detonation 
is  first  achieved  near  sites  of  true  contact  with  the  confinement  because  of 
favorable  conditions  for  inward  gas  flow.  In  the  more  numerous  "near¬ 
contact"  regions  initial  gas  flow  is  supposedly  largely  toward  the  confine¬ 
ment.  These  initial  gas  streams  are  reflected  back  into  the  azide  by  the 
confinement.  Additionally,  the  air  space  of  the  near-contact  regions  be¬ 
comes  pressurized  by  the  product  gas  and  this  also  helps  inward  flow  by 
minimizing  the  escape  of  subsequently  formed  gas.  One  might  therefore 
expect  a  correspondence  between  signal  duration  (really  the  time  differ¬ 
ence  between  local  establishment  of  detonation  under  favorable  and  some¬ 
what  lese  favorable  local  conditions)  and  the  duration  of  the  reaction- 
produced  intermediate  pressure  regime.  Large  B,  as  already  mentioned. 
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may  aia  tne  e»iabii»h.mcni.  ul  jd-likc  flew.  Aire,  penetration  into 

the  aside  interior  contribute*  appreciably  to  the  energy  transport.  Conse¬ 
quently,  it  might  be  expected  that  for  well-confined  systems  a  lower  level 
of  self-preesurisation  is  required  at  large  B's  than  at  lower  ones.  This 
may  not  be  the  case  in  unconfined  systems  for  which  the  jet-like  gas  flow 
may  contribute  more  toward  escape  rather  than  inward  flow  (see  Sec.  Ill- Id). 

f.  Liquid  confinement 

Sefore  the  importance  of  critical  thickness  was  realised,  it 
appeared  that  a  transparent  liquid  could  be  the  perfect  confining  medium 
since  it  would  conform  to  the  aside  surface  and  fill  in  any  irregularities. 
Glycerin  and  Knl-F  oil  were  tried  as  confining  liquids  in  a  system  very 
similar  to  that  described  for  vacuum  shots  in  Sec.  II- 2 e.  Instead  of  evac¬ 
uation,  the  space  between  aside  sheet  and  a  glass  retaining  wall  was  filled 
with  liquid.  In  three  separate  shots  containing  twelve  liquid-confined 
assemblies  it  was  found  that  these  delays  were  much  longer  and  much  more 
variable  than  for  the  standard  glass -confined  assemblies.  Obviously,  the 
liquid  filled  most  of  the  pores  between  aside  grains  and  prevented  energy 
transport  via  inward  gas  flow. 

Z,  Surface  laitiatioo 

a.  General  considerations 

It  is  clear  that  the  ideas  developed  in  the  last  few  sections  ere 
as  applicable  to  the  surface  initiation  of  lead  aside  sheet  as  they  are  to  the 
initiation  of  small  granular  lead  aside  pellets.  As  above,  jitter  is  pri¬ 
marily  caused  by  variation  in  the  intimacy  of  contact  between  the  confine¬ 
ment  and  the  aside  sheet.  The  main  role  of  the  confinement  is  believed  to 
be  as  reflector  of  outward  moving  gas  products.  Although  not  conclusively 
proved,  it  is  believed  that  the  slightly  smaller  observed  jitter  with  glass 
confinement  rather  than  plastic  confinement  (see  Table  9)  is  caused  by 
better  contact,  because  of  better  glue-bonding,  between  aside  and  glass 
than  between  aside  and  plastic.  It  appe*  s  that  the  inherent  variability  of 
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the  sheet  azide  is  much  less  than  the  variability  caused  by  varying  confine¬ 
ment.  The  inherent  variability  (Batch  8  shows  this  more  than  any  other)  ie 
presumably  caused  by  variation  in  binder  content  and  particularly  by  binder 
content  at  the  surface.  As  already  mentioned,  a  high  binder  content  at  the 
surface  acts  like  an  extra  light-filter,  thus  decreasing  the  energy  absorbed 
by  the  azide. 

b.  Recommendations  for  better  sheet  azide 

It  is  expected  that  a  binder  which  is  easier  to  glue  and  more  trans¬ 
parent  than  the  presently  used  Teflon  will  greatly  reduce  azide  sheet  jitter. 
The  azide  content  of  a  sheet  with  this  sort  of  binder  probably  can  be  reduced 
below  the  present  95%  level-  At  high  packing  density  (low  porosity)  small 
changes  in  density  result  in  large  changes  in  initiation  delay  as  shown  in 
figure  10.  Consequently  it  is  desirable  to  keep  azide  sheet  packing  density 
fairly  low--possibly  a  little  lower  than  the  present  2-  5  to  2.7  g/cc.  The 
presently  attained  sheet  thickness  tolerance  of  around  1  mil  appears  to  be 
acceptable. 

c-  Applications 

It  is  expected  that  the  proposed  surface  initiation  method  will 
find  its  greatest  usefulness  in  the  study  of  the  response  of  aerodynamic 
structures  to  simultaneous  loading.  To  be  applicable,  this  method  must  be 
capable  of  providing  impulses  in  the  useful  range  (typically  103  to  U°  dynes 
sec/cm^)  with  &  simultaneity  approaching  0.  1  p-sec.  Impulse  will  be  largely 
controlled  by  sheet  thickness  and  confinement.  The  presently  available 
sheets  are  20  to  30  mils  thick.  These  would  provide  impulses  in  the  10^  to 
1 06  dyne-sec/cm^  range.  In  principle,  there  is  no  reason  why  the  sheet 
cannot  be  made  much  thinner  to  reduce  impulse.  We  have  observed  what 
appeared  to  be  a  detonation  with  20-p-thick  granular  azide  disks  (figure  20). 
It  is  known  (Table  9)  that  1 -mil-thick  plastic  confinement  is  reasonably 
effective.  It  is  believed  that  this  effectiveness  can  be  greatly  improved  by 
better  gluing.  Such  thin  low-density  confinement  should  have  little  effect 
on  impulse.  The  smallest  jitters  now  obtained,  if  edge  effects  are 
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disregarded,  are  0.2  to  0.  3  peec.  We  are  convinced  that  better  bonding  of 
the  aside  sheet  to  its  confinement  ran  induce  thi*  appreciably. 

To  control  the  loading  of  the  test  structure  by  the  light-initiated 
lead  aside,  it  is  necessary  to  prevent  the  shock  and  explosive  products  of 
the  light  source  from  reaching  the  test  structure.  This  can  be  done  with 
mirrors  as  was  done  in  the  pumping  of  lasers  by  an  explosive  light  source.^ 
The  main  foreseeable  limitation  for  such  a  system  is  that  uniform  illumina¬ 
tion  is  limited  to  an  area  of  a  few  square  inenes  unless  very  large  parabolic 
mirrors  axe  used.  It  may  be  possible  to  keep  a  lower  level  of  illumination 
over  larger  areas  fairly  uniform  by  using  neutral  density  filters.  A  trun¬ 
cated  pyramid  made  of  mirrors  was  used  in  an  attempt  to  spread  the  light 
from  a  small  source  to  a  larger  aresu  As  shown  in  Table  5,  this  was  not 
too  successful;  jitter  was  rather  large,  since  the  central  portions  in  this 
arrangement  receive  more  radiation  than  the  outer  regions.  It  is  believed 
that  even  without  further  improvements  the  "simultaneous"  loading  of  a  few 
square  inches  of  e  curved  test  structure  can  provide  interesting  informa¬ 
tion  in  a  heretofore  experimentsdly  inaccessible  area. 

3.  Future  Work 

Future  efforts  at  improving  the  simultaneity  of  the  proposed  surface 
initiation  system  should  be  e  part  of  a  program  of  testing  the  response  of 
small  aerodynamic  structures  to  simultaneous  loads.  It  is  believed  that 
the  main  objectives  of  any  such  program  should  be  (1)  the  improvement  of 
contact  between  aside  aheet  and  confinement,  and  (2)  obtaining  sheets  of 
different  thickness  to  provide  a  wider  range  in  the  available  impulses. 

Both  will  require  close  coordination  with  the  sheet  supplier.  The  present 
supplier  is  rather  inflexible  and  it  would  be  most  desirable  to  develop 
alternative  sc  orces  of  supply.  Obviously,  any  test  structure  program  will 
include  the  development  of  "remote"  light  sources  and  the  determination 
of  impulse  '  anstants  for  lead  azide  sheet. 
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APPENDIX  A 


SHOCK  INITIATION  OF  PETN 

As  shown  in  Sec.  II -3h,  our  attempts  to  initiate  PETN  by  radiation 

from  an  argon  flash-bomb  were  unsuccessful.  The  detonations  observed 

were  caused  by  shock  and/or  flash-bomb  detonation  products.  From  the 

point  of  view  of  a  shock-initiation  experiment- -of  course  our  system  was 

not  designed  to  be  a  shock-initiation  experiment--the  analysis  of  a  system 

consisting  of  flash-bomb  explosive-argoe-window-PETN  is  very  complex. 

A  crude  and  uncertain  analysis  by  the  method  or  characteristics.  **  using 

the  pressure-particle  velocity  data  of  Seay  and  Seely1 ^  for  PETN  at  1  g/cc 

13 

packing  density  and  the  results  of  Reynolds  and  Seely  for  argon,  leads  to 
the  following  incident  shock  pressures  in  the  PETN:  quartz  or  glass  windows, 
*0.5  kbar,  FEP  windows,  *2  kbar;  and  no  window,  *5  kbar. 

If  one  considers  the  quartz  or  glass  windows  as  rigid  walls  and  the 

argon  as  a  perfect  monatomic  gas,  then  the  approximately  1 -kbar  pressure 

12  14 

in  the  argon  shock  induces  a  6 -kbar  pressure  in  the  window.  Further, 

if  one  assumes  the  acoustic  impedance  match  equation  to  be  valid,  then  the 

pressure  of  the  incident  shock  in  PETN  is  *0.  7  kbar,  which  is  of  the  same 

order  of  magnitude  as  estimated  above.  Incident  shock  pressures  of  less 

12 

than  1  kbar  would  not  be  expected  to  initiate  detonation  in  PETN.  The 
2-kbar  shock  estimated  for  the  FEP  window  system  also  appears  to  be 
somewhat  below  the  threshold  of  2,  5  kbar  suggested  in  Ref.  12.  It  may  be 
that  the  FEP  windows  are  so  thin  (0. 1  mm)  that  they  provide  no  effective 
barrier  between  the  argon  shock  and  the  PETN.  The  approximately  5  kbar 
obtained  from  the  direct  coupling  of  the  argon  shock  to  low-density  PETN 
should  be  sufficient  for  initiating  a  detonation.  In  any  event,  the  observed 
delays  {Table  10)  are  appreciably  less  for  these  FEP  windows  than  for  the 
roughly  equivalent  delays  in  the  thicker  quartz  or  glass  windows. 
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The  two  mein  questions  posed  Dy  UUt  UUBCl  Tativ~i«  (T«bl*  10)  ** — ; 

(1)  Why  do  shocks  o f  apparently  less  than  1  kbar  Initiate  detonation  in  PETN? 

(2)  Why  is  the  observed  delay  not  increased  by  increasing  PETN  packing 

density?  At  this  time  only  highly  speculative  answers  can  be  provided. 

2 

We  have  observed  that  the  plane  shock  in  argon  travels  at  a  steady 
velocity  for  distances  at  least  10  to  20  cm  from  the  original  argon-flash- 
bomb  explosive  boundary.  This  would  indicate  that  some  of  the  detonation 
products  of  the  explosive  act  as  a  constant  velocity  piston  so  that  these 
products  travel  at  the  same  velocity  as  the  shocked  argon  particle  velocity. 

If  so,  the  detonation  products  would  reach  the  neighborhood  of  the  PETN 
psllets  roughly  1/2  psec  behind  the  argon  shock.  The  argon  shock  re¬ 
flected  from  the  PETN  window  will  collide  with  the  detonation  prodxicts 
and  a  new  and  reinforced  shock  will  be  sent  through  the  window  into  the 
PETN.  Thus  shortly  after  the  initial  shock  of  less  than  1  kbar  enters  the 
PETN,  a  stronger  shock  is  sent  in.  Presumably  this  second  shock,  or 
even  later  reverberations,  can  cause  initiation.  The  absence  of  a  packing 
density  effect  may  be  due  to  better  acoustic  coupling  between  the  more 
dense  PETN  and  the  window,  or  perhaps  the  early  reverberation  pulses 
perturb  the  packing  of  the  front  PETN  layers  in  which  detonation  is 
initiated. 
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It  is  well  established  that  the  elapsed  time,  T,  between  the  beginning 
of  the  irradiation  of  the  front  surface  of  a  lead  azide  pill  and  the  emergence 
of  a  detonation  wave  from  the  rear  face  of  the  pill,  ia  significantly  shorter 
if  the  irradiated  surface  is  confined  by  a  thin  glass,  quarts,  or  plastic 
window  than  if  the  front  surface  is  left  bare.  In  any  given  shot  with  40-mil* 
thick  glass  windows  the  difference  in  T  between  the  confined  and  unconfined 
cases  is  about  0. 6  psec.  Effectiveness  of  confinement  is  independent  of  the 
material  or  thickness  (down  to  1  mil)  of  the  window.  There  is,  however,  a 
strong  dependence  on  the  intimacy  of  contact  between  window  and  pill. 

In  trying  to  find  an  explanation  for  these  observations,  one  is  tempted 
to  think  first  in  terms  of  some  form  of  heat  loss  at  the  bare  front  surface 
by  which  the  onset  of  thermal  explosion  ia  retarded.  Most  of  the  more 
obvious  mechanisms  can  be  ruled  out  fairly  easily.  Heat  conduction  ia  too 
small  and,  in  any  case,  works  in  the  wrong  direction  since  the  window, 
being  more  transparent,  would  be  expected  to  run  cooler  than  the  lead 
azide.  Loss  of  heat  from  escaping  reaction  products  is  necessarily  small 
prior  to  the  occurrence  of  substantial  reaction;  moreover,  the  escaping 
nitrogen  molecules  having  made  on  the  average  quite  a  few  collisions  within 
the  bulk  of  unreacted  material,  will  leave  the  surface  at  a  temperature 
which  cannot  be  much  higher  than  that  of  the  remaining  material. 


One  mechanism  that  at  first  seemed  to  offer  some  hope  of  explaining 

the  confinement  effect  involves  the  diffusion  of  neutral  N,  radicals.  In 

3  7 

the  usual  kinetic  scheme  for  the  decomposition  of  lead  aside,  it  is 
assumed  that  the  primary  (endothermic)  step  is 


Nj  +  ht> 


N3  +  e 


the  frequency  of  occurrence  of  this  step  is  governed  by  the  usual  Arrhenius 
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law  for  PbN^,  followed  by  the  exothermic  second-order  reaction.  Thie 

•tap  is 

N3  ♦  N  — ►  3  n2  +  a 

The  second  etep  depends  on  a  reasonable  mobility  of  the  neutral  azide 
radicals;  this  mobility  is  made  possible  by  the  weakening  of  the  lattice 
forces  when  the  temperature  of  the  aside  reaches  or  exceeds  the  melting 
point.  On  the  other  hand,  the  mobility  of  the  radicals  also  allows  them  to 
escape  (by  diffusion)  from  the  surface,  and  this  escape  is  impeded  or  pre¬ 
vented  by  the  presence  of  the  solid  window. 

In  order  to  investigate  this  mechanism,  a  machine  computation  was 
set  up  for  solving  the  coupled  heat  conduction  diffusion  equations.  If  the 
density  of  the  radicals  is  denoted  by  0,  the  conditions  of  confinement  end 
no  confinement  correspond  approximately  (according  to  diffusion  theory) 
to  the  boundary  conditions  90/ dx  ■  0  and  0  >  0  at  the  free  surface.  Evan 
when  the  (somewhat  arbitrary)  constants  entering  into  the  diffusion  equa¬ 
tion  were  chosen  to  be  unrealistically  extreme  in  the  direction  of  emphasis¬ 
ing  the  difference  in  delay  between  confined  and  uaconfinod  cases,  this 
difference  came  out  to  be  only  0. 06  pssc.  It  is  fair  to  conclude  th.it  the 
diffusion  mechanism  is  not  responsible  for  the  confinement  effect. 
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